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1
METHODS AND APPARATUS FOR
DETERMINING CARDIAC OUTPUT AND
LEFT ATRIAL PRESSURE

BACKGROUND OF THE INVENTION

Cardiac output (CO) is the volume of blood ejected by the
heart per unit time, while left atrial pressure (LAP) generally
indicates the blood pressure attained in the left ventricle dur-
ing the filling phase of the cardiac cycle. CO and LAP are
perhaps the two most important quantities to be able to moni-
tor in critically ill patients, as they facilitate the diagnosis,
monitoring, and treatment of various disease processes such
as left ventricular failure, mitral valve disease, and shock of
any cause [36]. For example, a decrease in CO while LAP is
rising would indicate that the patient is in left ventricular
failure, whereas a decrease in CO while LLAP is falling would
indicate that the patient might be going into hypovolemic
shock.

Several methods are currently available for monitoring CO
or LAP. While each of these methods can offer some advan-
tages, as described below, all of the methods are limited in at
least one clinically significant way.

The standard methods intended for monitoring CO and
LAP in critically ill patients both involve the use of the bal-
loon-tipped, flow-directed pulmonary artery catheter [47,70].
This catheter also permits continuous monitoring of pulmo-
nary artery pressure (PAP) and central venous pressure (i.e.,
right ventricular filling pressure) via fluid-filled systems
attached to external pressure transducers. (However, the most
common reason for inserting the pulmonary artery catheter is
perhaps in an effort to monitor LAP [46].) CO is specifically
estimated according to the thermodilution method [17,47].
This method involves injecting a bolus of cold saline in the
right atrium, measuring temperature downstream in the pul-
monary artery, and computing the average CO based on con-
servation laws. LAP is estimated through pulmonary capil-
lary wedge pressure (PCWP), which is determined by
advancing the catheter into a branch of the pulmonary artery,
inflating the balloon, and averaging the ensuing steady-state
pressure [47].

Since PCWP is measured when flow has ceased through
the branch, in theory, the PCWP should provide an estimate of
LAP. However, the PCWP is not equal to LAP and is only an
approximation [31,44]. In fact, as a result of a number of
technical problems, in practice, the PCWP method frequently
provides only a poor estimate of LAP. These problems
include partial wedging and balloon over-inflation [38,53],
dependence of the measurement on the wedge catheter posi-
tion [27,33], and inter-clinician variability in interpreting the
phasic PCWP measurement [37]. Indeed, the developers of
the PCWP method and the balloon-tipped, flow-directed
catheter each reported that they could satisfactorily measure
PCWP only about three quarters of the time [58,70]. In 2,711
PCWP measurement attempts made in the ICU, Morris et al
reported that only 69% ofthese attempts were successful with
only 10% of the unsatisfactory measurements due to easily
correctable damped tracings [53]. Similar technical problems
are also encountered in implementing the thermodilution
method in which variations in injectate volume, rate, and
temperature introduce error in the measurement, which is
known to be in the 15-20% range [39,50,68]. Also, the very
injection of fluid and balloon inflation poses some risk to the
patient [17,34,42]. Perhaps, as a result of these shortcomings,
the clinical benefit of the pulmonary artery catheter has yet to
be clearly established (e.g., [64]). In addition, a major limi-

20

25

30

35

40

45

50

55

60

65

2

tation of the thermodilution and PCWP methods is that an
operator is required. Thus, these important measurements are
only made every few hours.

Alternative methods for monitoring CO include the aortic
flow probe, oxygen Fick, dye-dilution, continuous thermodi-
Iution, Doppler ultrasound, and thoracic bioimpedance. The
aortic flow probe uses ultrasound transit-time (or electromag-
netic) principles to measure instantaneous flow [17]. While
this method is continuous and very accurate, it requires the
placement of the flow probe directly around the aorta and is
therefore much too invasive for most clinical applications.
The oxygen Fick method involves simultaneous measure-
ment of central venous and arterial oxygen content of blood
and measurement of ventilatory oxygen uptake [17].
Although this method is also highly regarded in terms of its
accuracy, it is too cumbersome for frequent clinical applica-
tion. The dye dilution method involves the injection of a dye
into the right atrium and serial measurement of the dye con-
centration in blood samples drawn from an arterial catheter
[17]. The related thermodilution method is generally pre-
ferred over this method, because thermodilution requires only
one catheter and is less affected by indicator recirculation.
The continuous thermodilution method involves automatic
heating of blood in the right atrium via a thermal filament,
measurement of the temperature changes downstream in the
pulmonary artery, and computation of average flow via cross
correlation and bolus thermodilution principles [17,76].
While this method does not require an operator, the tempera-
ture changes generated by the thermal filament must be small
to avoid damaging tissue and blood [17]. As a result, the
signal to noise ratio of continuous thermodilution is small
compared to standard thermodilution, which may render the
continuous approach to be less accurate [78]. Doppler ultra-
sound methods generally measure the Doppler shift in the
frequency of an ultrasound beam reflected from the flowing
aortic blood [17]. These non-invasive methods are not com-
monly employed in critical care medicine, because they
require expensive capital equipment and an expert operator to
stabilize an external ultrasound transducer [40]. Thoracic
bioimpedance involves measuring changes in the electrical
impedance of the thorax during the cardiac cycle [17,40].
Although this method is non-invasive and continuous, it is too
inaccurate for use in critically ill patients due to excessive
lung fluids [11].

Alternative methods for monitoring LAP include direct left
heart catheterization, physical examination, and Doppler
imaging. Direct catheterization of the left heart is the gold
standard method permitting continuous and accurate moni-
toring of LAP [65]. However, this method is too invasive and
risky for routine clinical application. In a physical examina-
tion, clinical and radiographic signs of congestion such as
rales, third heart sound, prominent jugular vein, and intersti-
tial and alveolar edema are utilized to obtain a qualitative
indication of elevated LAP in patients typically with heart
failure [9]. While this approach is simple and non-invasive, it
is neither continuous nor has it been shown to be sensitive to
at least changes in PCWP [9,16,69]. In Doppler imaging
methods (e.g., color M-mode Doppler, tissue Doppler, pulsed
Doppler), parameters such as transmitral and pulmonary
venous velocity profiles are obtained to qualitatively monitor
LAP changes or quantitatively monitor PCWP through
empirical formulas [21,22,57]. Although these techniques
may also be non-invasive, they are expensive, can only be
used intermittently, and are not specific and may therefore be
inaccurate [2,57, 62].

It would be desirable to be able to accurately monitor both
CO and LAP by analysis of a PAP waveform, a right ventricu-
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lar pressure (RVP) waveform, or other circulatory signals.
Thus, unlike the aforementioned methods, this approach
would permit continuous and automatic measurement of
these two critically important hemodynamic variables with a
level of invasiveness suitable for routine clinical use. A con-
tinuous and automatic monitoring approach would be desir-
able for several reasons. Continuous monitoring of both CO
and LAP would be a great advantage during fluid and phar-
maceutical interventions, as the clinician would be able to
assess the effects of the interventions and be quickly alerted to
possible complications. Continuous monitoring would also
provide an early indication of deleterious hemodynamic
events induced by disease (e.g., hypovolemia via simulta-
neously decreasing CO and LAP). Moreover, automatic
monitoring would save precious time in the busy intensive
care unit (ICU) and operating room (OR) environments [17]
and circumvent the clinically significant problems associated
with implementing the standard measurement methods (see
above). Finally, the approach would be a tremendous advan-
tage in the context of remote ICU monitoring (e.g., [63]) and
ambulatory monitoring of PAP or RVP waveforms (in, for
example, heart failure patients) via available implanted
devices [1,67]. A method for such chronic monitoring of both
of these two valuable hemodynamic variables does not oth-
erwise exist.

Many investigators have sought analysis techniques to con-
tinuously monitor CO from arterial pressure waveforms.
Such techniques have been proposed for over a century [19].

Much of the earlier work assumed that either arterial tree is
well represented by a Windkessel model accounting for the
compliance of the large arteries and the vascular resistance of
the small arteries. FIG. 1 illustrates the electrical analog of'a
Windkessel model of the systemic arterial tree. (Because
systemic vascular resistance (SVR) is relatively large, the
model here assumes that the systemic venous pressure (SVP)
is negligible with respect to the systemic arterial pressure
(SAP) by virtue of SVR being referenced to atmospheric
pressure rather than SVP.) While techniques based on this
simple model generally failed when applied to SAP wave-
forms measured centrally in the aorta (e.g., [66,72]), Bour-
geois et al showed that their technique yielded a quantity that
varied linearly with aortic flow probe CO over a wide physi-
ologic range [6]. The key concept of their technique is that,
according to the Windkessel model, SAP should decay like a
pure exponential during each diastolic interval with a time
constant (t) equal to the product of SVR and systemic arterial
compliance (AC). Since AC is nearly constant over a wide
pressure range and on the time scale of months [5,26,60], CO
could then be measured to within a constant scale factor by
dividing the time-averaged SAP with t. Thus, the technique
of Bourgeois et al involves fitting an exponential function to
each diastolic interval of a SAP waveform to measure T (FIG.
1).

Bourgeois et al were able to validate their technique with
respectto central SAP waveforms, because the diastolic inter-
val of these waveforms can sometimes resemble an exponen-
tial decay following incisura (FIG. 2a). These investigators
identified a precise location in the thoracic aorta as the opti-
mal site in the canine for observing an exponential diastolic
decay. However, central SAP is rarely measured clinically
due to the risk of blood clot formation and embolization.
Moreover, exponential diastolic decays are usually not appar-
ent in either peripheral SAP waveforms (FIG. 26), which may
be measured via minimally invasive radial artery catheteriza-
tion, or PAP waveforms (FIG. 2¢). Indeed, Bourgeois et al
acknowledged that exponential diastolic decays are obscured
in peripheral SAP waveforms [5]. Moreover, after Engelberg
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et al suggested that the pulmonary arterial tree be represented
by a Windkessel model in which the small pulmonary vascu-
larresistance (PVR) is referenced to LAP (electrical analog in
FIG. 3) [18], Milnor et al attempted to fit an exponential
function to each diastolic decay interval of PAP waveforms
minus average LAP in man and reported that all of the wave-
forms were not adequate for doing so [51]. Subsequently,
Tajimi et al reported that they were not able to identify a
location in the canine or human pulmonary artery in which
exponential diastolic pressure decays were consistently vis-
ible [71]. The reason is that the systemic and pulmonary
arterial trees are not simply lumped systems like the Wind-
kessel model suggests but rather complicated distributed sys-
tems with impedance mismatches throughout due to vessel
tapering, bifurcations, and caliber changes. The diastolic (and
systolic) intervals of peripheral SAP and PAP waveforms are
therefore corrupted by complex wave reflections occurring at
each and every site of impedance mismatch. Moreover, iner-
tial effects also contribute to obscuring exponential diastolic
decays, especially in the low-pressure pulmonary arterial tree
[55]. Thus, the technique of Bourgeois et al cannot be applied
to clinically measurable peripheral SAP and PAP waveforms.

More recently, investigators have attempted to monitor CO
from peripheral SAP waveforms. Techniques based on an
adaptive aorta model, which require SAP waveforms mea-
sured at both the carotid and femoral arteries have been pro-
posed [59,73]. However, catheters are usually not placed for
prolonged periods of time at either of these sites in ICUs,
ORs, or recovery rooms due to safety considerations. A tech-
nique has been introduced that is based on an empirically
derived formula involving the calculation of the derivative of
the ABP waveform [23]. However, in order to mitigate the
corruptive effects of wave reflections on the derivative calcu-
lation, this technique also requires two peripheral ABP mea-
surements, one of which is obtained from the femoral artery.
Learning techniques requiring training data sets consisting of
simultaneous measurements of CO and SAP waveforms have
also been suggested [8,24,48]. However, these techniques
were only demonstrated to be successful in central ABP
waveforms or over a narrow physiologic range. Moreover,
learning techniques could only be successful provided that
the available training set of patient data reflected the entire
patient population. Finally, Wesseling et al [3,74] and Linton
etal [41] have proposed techniques requiring only the analy-
sis of a single radial SAP waveform. However, Linton et al
only showed that their technique was accurate over a narrow
physiologic range, and several studies have demonstrated
limitations of the technique of Wesseling et al (e.g., [20,29]).

A technique for continuous CO monitoring from periph-
eral SAP waveforms has been the recent focus of interest,
because it is minimally invasive or possibly even non-invasive
(e.g., [24]). However, even if such a technique were intro-
duced with sufficient accuracy, the more invasive pulmonary
artery catheters would still be used to be able to measure left
and right ventricular filling pressures. Four investigators have
therefore previously attempted to monitor CO continuously
by analysis of PAP waveforms [10,15,71,77]. In this way,
ventricular filling pressures and continuous CO could be
measured with a single catheter. These investigators essen-
tially employed analysis techniques that were previously
applied to SAP waveforms. Their results showed that the
techniques could estimate CO during cardiac interventions
but not vascular interventions (e.g., volume infusion). More-
over, even though LAP is also a significant determinant of
PAP and should therefore be reflected in the PAP waveform,
none ofthese techniques included a means to monitor LAP. In
fact, similar to the suggestion of Engelberg et al, the tech-
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nique of Cibulski et al actually required an additional LAP
measurement for monitoring CO [10].

The common feature of all of the aforementioned tech-
niques for monitoring CO from continuous SAP or PAP is
that the waveform analysis is employed only over time scales
within a cardiac cycle. Because of the corruptive effects of
highly complex waves at these time scales, the techniques
were limited in that they 1) could only be applied to highly
invasive central SAP waveforms in which the complex wave
reflections may be attenuated; 2) necessitated multiple
peripheral SAP waveform measurements (which are rarely
obtained clinically); 3) required an exhaustive training data
set, and/or 4) are accurate only over a narrow physiologic
range or only during cardiac interventions. However, the con-
founding effects of wave as well as inertial phenomenon are
known to diminish with increasing time scale [55]. Based on
this under-appreciated concept, Mukkamala et al introduced a
technique to monitor CO by analyzing a single arterial pres-
sure waveform (measured at any site in the systemic or pul-
monary arterial trees) over time scales greater than a cardiac
cycle [54]. They evaluated their technique with respect to
peripheral SAP waveforms in swine and their results showed
excellent agreement with aortic flow probe measurements
over awide physiologic range [54]. While this technique may
permit continuous and accurate monitoring of CO with a level
of invasiveness suitable for routine clinical application, it
does not provide a convenient means to monitor LAP.

Some investigators have attempted to monitor LAP or
PCWP by analysis of blood pressure waveforms. Shortly
after the introduction of the pulmonary artery catheter,
researchers studied the end-diastolic PAP as a continuous
index of LAP [28,31]. However, this simple technique is not
as accurate as the PCWP method [31] (see below) and
becomes unreliable when the rate of drainage of blood from
the pulmonary artery into the pulmonary capillaries is slow.
Thus, for example, it is well known that the end-diastolic PAP
is not an acceptable index of LAP in patients with pulmonary
vascular disease [28]. More recently, a learning technique has
been proposed to monitor PCWP from a PAP waveform using
an artificial neural network trained on a database of PCWP
measurements and PAP waveforms [14, 78]. However, this
technique was shown to be ineffective when the network was
trained on one set of subjects and tested on a different set of
subjects [14]. Finally, techniques have been proposed in
which trained regression equations predict LAP or PCWP
from variations in parameters of the SAP or plethysmo-
graphic waveform (e.g., systolic pressure, pulse pressure) in
response to the Valsalva maneuver or mechanical positive
pressure ventilation [45,49,65,75]. While these techniques
may be minimally invasive or non-invasive, they are either not
continuous or applicable to subjects breathing spontaneously.
Moreover, since SAP and related signals are also due to
ventricular and arterial functionality, these techniques do not
provide a specific measure of LAP or PCWP and may there-
fore be inaccurate [13].

Thus, a technique is needed that accurately monitors both
CO and LAP by analysis of a PAP waveform, a RVP wave-
form, or other circulatory signals. Such a technique could be
utilized, for example, to continuously monitor critically ill
patients instrumented with pulmonary artery catheters and
chronically monitor heart failure patients instrumented with
implanted devices.

SUMMARY OF THE INVENTION

The present invention involves the mathematical analysis
of the contour of a PAP waveform, a RVP waveform, or
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another circulatory signal in order to determine average LAP,
average SVP, proportional CO, proportional PVR, propor-
tional SVR, and/or other clinically important hemodynamic
variables. In various embodiments, the methods of the inven-
tion may be employed to make individual measurements of
average LAP, average SVP, proportional CO, proportional
PVR, proportional SVR, and/or other clinically important
hemodynamic variables at one or more time instances or may
be employed for continuous monitoring of one or more of
these variables.

The mathematical analysis of a circulatory contour is
defined here to comprise an examination of the temporal
variations in the signal. The temporal variations in the signal
can be examined within a single cardiac cycle, between dif-
ferent cardiac cycles, or both. Simply monitoring the signal at
the same time instance relative to a physiologically signifi-
cant event, such as the end of diastole or the end of systole, in
multiple cycles does not constitute performing a mathemati-
cal analysis of a circulatory contour. Furthermore, the above
definition is intended to exclude trivial examinations of the
temporal variations in the signal that solely provide an esti-
mate of the time instance of such a physiologically significant
event (e.g., zero temporal derivative of the signal). Thus, for
example, monitoring [LAP via the end-diastolic PAP does not
constitute a mathematical analysis of a circulatory contour
even if the time instance of the end of diastole is determined
viathe zero temporal derivative of the PAP waveform (i.e., the
time point at which the derivative of the PAP waveform is
zero), since in effect this examination indicates PAP at par-
ticular instances of time.

Typically, an examination of the temporal variations in the
signal involves the analysis of at least two time instances of
the signal within a single cardiac cycle or at least two time
instances of the signal within at least two cardiac cycles. In
certain embodiments of the invention, an examination of the
temporal variations in the signal involves the analysis of an
interval of the signal within a cardiac cycle (e.g., fraction of
the diastolic interval greater than 25%) or encompassing mul-
tiple cardiac cycles (e.g., at least 30 cardiac cycles). In certain
embodiments of the invention, an examination of the tempo-
ral variations in the signal involves the analysis of an interval
of the signal within individual cardiac cycles (e.g., systolic
ejection interval) over a period encompassing multiple car-
diac cycles (e.g., at least 30 cardiac cycles). In various
embodiments of the invention the average values for hemo-
dynamic variables computed as described herein may be aver-
ages over a single beat or over multiple beats.

In certain embodiments of the invention, the mathematical
analysis of a circulatory contour involves the use of the Wind-
kessel model of FIG. 3 to represent the slow dynamical prop-
erties of the pulmonary arterial tree.

In one such embodiment, proportional CO, average LAP,
and other hemodynamic variables such as proportional PVR
are determined by mathematical analysis of one or more
individual diastolic decay interval(s) of a PAP waveform. For
example, in certain embodiments of the invention, a set of
basis functions, one or more of which may include a constant
term or may be a constant term, are fitted to each diastolic
decay interval of PAP to respectively determine the dynami-
cal properties of the pulmonary arterial tree and the average
LAP. Any basis functions known in the art may be employed.
For example, real exponentials, complex exponentials, and/or
polynomials (e.g., over a specific time interval) can be used.

In certain embodiments of the invention, complex expo-
nential functions and a constant term are fitted to each dias-
tolic decay interval of PAP to respectively determine the
dynamical properties of the pulmonary arterial tree and the
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average LAP (FIG. 4). Any number of complex exponential
functions (usually an odd number) may be utilized in the
fitting procedure to account for wave, inertial, and Windkes-
sel effects in the pulmonary arterial tree. The fitting procedure
may be performed using any method known in the art and
applied to, for example, the entire PAP downstroke (i.e., from
maximum to minimum pressure; FIG. 4). Then, the Windkes-
sel time constant T is determined by, for example, extrapolat-
ing the computed exponential functions to low-pressure val-
ues and fitting a mono-exponential function to the
extrapolated pressure values for which the faster wave and
inertial effects have dissipated or vanished (FIG. 4). The
average LAP is determined by, for example, computing the
mean value of the resulting constant term (i.e., the constant
term that the mono-exponential function approaches asymp-
totically) over any number of beats, while proportional CO is
determined, for example, by computing the mean value of the
resulting PAP-L AP (i.e., the mean value resulting from sub-
tracting the LAP from PAP) over any number of beats and
dividing this quantity by the mean value of the corresponding
T.

In other embodiments of the invention, the set of basis
functions is a set of decaying polynomial functions, at least
one of which is or includes a constant term. The polynomials
may be extrapolated to low pressure values, and a single
exponential can then be fitted to the low pressure values to
determine the time constant. Alternatively, the basis functions
can be extrapolated to low pressure values, and the time
constant may be measured from the extrapolated pressure
values by any other method known in the art (e.g., the time
duration required for the extrapolated pressure to drop by a
predetermined amount, such as by a factor of e* (36.79%). It
will be appreciated that other methods for determining aver-
age LAP from the unknown constant, e.g., without perform-
ing extrapolation, may also be used.

In another such embodiment, proportional CO, average
LAP, and/or other hemodynamic variables such as propor-
tional PVR are determined by mathematical analysis of all
temporal variations in a PAP waveform including those
occurring over time scales greater than a cardiac cycle in
which the confounding eftects of wave and inertial phenom-
ena are attenuated [55]. For example, a segment of a PAP
waveform of duration greater than a cardiac cycle (e.g., rang-
ing from 30 seconds to ten-minutes) is fitted according to the
sum of an unknown constant term representing average LAP
and the convolution of an unknown impulse response char-
acterizing the dynamical properties of the pulmonary arterial
tree with a known signal reflecting each cardiac contraction.
The cardiac contractions signal may be established from the
PAP waveform and possibly other physiologic signals by, for
example, forming an impulse train in which each impulse is
located at the onset of each cardiac contraction and has area
equal to an arbitrary constant, the ensuing pulse pressure (x(t)
in FIG. 5), or any other value based on the PAP pulse (e.g., the
ensuing pulse pressure determined after lowpass filtering the
PAP waveform to attenuate the wave and inertial effects or the
value of PAP at any defined time instance in the cardiac cycle
relative to the onset of a cardiac contraction with or without
respect to the value of PAP at the cardiac contraction onset).
The unknown constant term and impulse response are deter-
mined so as to permit the best fit of the PAP waveform
segment according to any of the methods known in the art.
The process of determining the unknown constant term and
impulse response that provide the best fit, or an acceptable fit,
to a waveform or portion thereof is referred to as “fitting”
herein. The resulting pulmonary arterial tree impulse
response is defined to represent the PAP-LLAP response to a
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single, solitary cardiac contraction (h(t) in FIG. 5). The Wind-
kessel time constant T of the pulmonary arterial tree is then
determined from this impulse response by fitting an exponen-
tial to its tail end once the faster wave and inertial effects have
vanished (h(t) in FIG. 5). Finally, proportional CO is deter-
mined as the difference between the mean value of the ana-
lyzed PAP waveform segment and average LAP (i.e., the
resulting constant term) divided by the resulting t. Alterna-
tively, when the area of each impulse of the cardiac contrac-
tions signal is set to an arbitrary constant, proportional CO
may be determined as the product of the peak value of the
pulmonary arterial tree impulse response and the average
heart rate.

The above aspects of the present invention may be utilized,
for example, in patients instrumented with pulmonary artery
catheters in ICUs, ORs, and recovery rooms. In such appli-
cations, the continuous, proportional CO, PVR, and/or T val-
ues may be conveniently calibrated to continuous, absolute
CO and PVR values with a single thermodilution measure-
ment. It will be appreciated that certain embodiments of the
invention provide absolute average LAP without requiring
calibration based on a thermodilution measurement.

Preferred methods of the invention for determining propor-
tional CO, average LLAP, proportional PVR, and/or other
clinically important hemodynamic variables by performing a
mathematical analysis of a PAP waveform, e.g., as described
above, do not entail the use of a neural network. Certain
preferred methods of the invention also do not make use of a
set of training data. For example, the methods of the invention
for determining proportional CO, average L AP, proportional
PVR, and/or other clinically important hemodynamic vari-
ables do not require making conventional measurements of a
subject’s PCWP (e.g., by advancing a pulmonary artery cath-
eter into a branch of the pulmonary artery, inflating the bal-
loon, and averaging the ensuing steady-state pressure) as a
prerequisite to the monitoring of proportional CO, average
LAP, and/or other clinically important hemodynamic vari-
ables in the subject. The methods of the invention for deter-
mining proportional CO, average L AP, proportional PVR,
and/or other clinically important hemodynamic variables also
do not require a training data set comprising conventional
measurements of PCWP in one or more subjects in order to
monitor, according to the methods of the invention, propor-
tional CO, average LAP, and/or other clinically important
hemodynamic variable(s) in the same subjects or different
subjects.

It will thus be appreciated that the methods described
above provide a means of determining LAP and/or other
clinically important hemodynamic variables based on first
principles rather than estimating or determining PCWP and
then using the estimated or determined PCWP as an approxi-
mation to LAP. In preferred embodiments, the methods and
apparatus of the invention are therefore not adapted specifi-
cally for determining PCWP from a PAP waveform based on
a correlation between measured values of the PAP and PCWP
but instead determine LAP without relying on a correlation
between measured PAP and PCWP. As mentioned above, in
practice PCWP is usually measured primarily in order to
provide an estimate of LAP even though such an estimate
suffers from a number of limitations noted above. Thus, the
methods of the invention offer an advantage over prior art
methods that employ either a measured or estimated PCWP
value as an estimate for LAP. However, if desired, the LAP
determined according to the methods of the invention could
be used to approximately determine PCWP. That is, LAP
determined according to the methods of the invention could
either be used directly as an approximate of PCWP, or the
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determined LAP could be adjusted in order to provide an
improved estimate of PCWP. For example, in one embodi-
ment, such an adjustment is accomplished through a training
data set comprising PAP waveforms and conventional PCWP
measurements. More specifically, LAP is determined as
described above with respect to the PAP waveforms in the
training data set, and a model (e.g., linear or nonlinear regres-
sion) is developed according to any of the methods known in
the art to predict the corresponding PCWP measurements in
the training data set. Then, PCWP is subsequently estimated
from a PAP waveform by first determining L AP according to
the methods of the invention and then applying the trained
model to the determined LAP to predict PCWP.

In yet another such embodiment, proportional CO, average
LAP, and/or other hemodynamic variables such as propor-
tional PVR are determined by mathematical analysis of the
contour of a RVP waveform. The RVP waveform is preferably
obtained from patients without stenosis of the pulmonic valve
so that the RVP waveform may be regarded as equivalent to
the unobserved PAP waveform during each systolic ejection
interval. The systolic ejection intervals of the RVP waveform
are identified by any method known in the art, e.g., using a
phonocardiogram or other physiologic signals. For example,
the beginning of systole for each beat may be determined as
the time of the maximum temporal derivative of each RVP
pulse [61], while the end of systole for each beat may be
identified as the time of the peak value of each RVP pulse (y(t)
in FIG. 6a). Then, with this “incomplete” PAP waveform,
also referred to as a “partial” PAP waveform herein, the
clinically significant hemodynamic variables may be deter-
mined similarly to the embodiments described above. For
example, the systolic ejections intervals of a segment of a
RVP waveform of duration greater than a cardiac cycle (e.g.,
ranging from 30 seconds to ten-minutes) are fitted according
to the sum of an unknown constant term representing the
average LAP and the convolution of an unknown impulse
response representing the dynamical properties of the pulmo-
nary arterial tree with a known and complete cardiac contrac-
tions signal as defined above. The impulse response and con-
stant term that provide the best fit of the systolic ejection
intervals of the RVP waveform segment (based on any
method known in the art) are then utilized to determine aver-
age L AP and the Windkessel time constant t of the pulmonary
arterial tree as described above (FIG. 6a). Next, the complete
PAP waveform segment (including diastolic intervals) is con-
structed by the convolution between the resulting impulse
response and the complete cardiac contractions signal (z(t) in
FIG. 6b) plus the resulting average L. AP. Finally, proportional
CO is determined either as the difference between the mean
value of the constructed PAP waveform segment and the
resulting average LAP divided by the resulting T or the prod-
uct of the peak value of the pulmonary arterial tree impulse
response and the average heart rate. This particular aspect of
the invention may be utilized, for example, in patients instru-
mented with implanted devices capable of monitoring a RVP
waveform [1].

The method (and apparatus) for constructing a PAP wave-
form containing both systolic and diastolic intervals based on
the systolic ejection intervals of the RVP waveform is an
aspect of this invention. The PAP waveform constructed
according to the method of the invention can be further ana-
lyzed for any of a variety of purposes including, but not
limited to, determining average LAP, proportional CO, or
proportional PVR as described herein.

In another embodiment of the invention, the mathematical
analysis of a circulatory contour involves the use of a Wind-
kessel model analogous to FIG. 3 to represent the slow
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dynamical properties of the systemic arterial tree. In one such
embodiment, the above mathematical procedures described
in the context of PAP waveform analysis are applied to a SAP
waveform (or arelated waveform such as a photoplethysmog-
raphy signal) measured at any site in the systemic arterial tree.
Similarly, the above mathematical procedures described in
the context of RVP waveform analysis may be applied to aleft
ventricular pressure (LVP) waveform in which aortic stenosis
is absent. In such embodiments, the dynamical properties of
the systemic arterial tree and the average SVP (through the
constant term) are determined. Alternatively, SVP may be
regarded as negligible with respect to SAP (i.e., left panel of
FIG. 1) and only the dynamical properties of the systemic
arterial tree are determined. The determined dynamical prop-
erties may then be analogously utilized to determine propor-
tional CO and proportional SVR. These particular aspects of
the invention may be utilized, for example, in ICUs, ORs, and
recovery rooms in which radial artery catheters are routinely
employed or at home, in emergency rooms, and in the ward in
which non-invasive SAP waveforms (e.g., finger-cuff pho-
toplethysmography [32], arterial tonometry [35]) could eas-
ily be obtained. The continuous, proportional CO andt values
may be conveniently calibrated to continuous, absolute CO
and SVR values with a single, absolute measurement of CO.

The method for constructing a SAP waveform containing
both systolic and diastolic intervals based on the systolic
ejection intervals of the LVP waveform is an aspect of this
invention. The SAP waveform constructed according to the
method of the invention can be further analyzed for any of a
variety of purposes including, but not limited to, determining
SVP, proportional CO, or proportional SVR as described
herein.

In any of these embodiments, the constant term represents
the asymptotic value of the waveform were cardiac contrac-
tions to cease. Thus the invention provides a method for
determining the value of a hemodynamic variable based on a
PAP, RVP, SAP, or LVP waveform, comprising steps of (i)
performing a mathematical analysis to determine the asymp-
totic value of the waveform were cardiac contractions to cease
and (ii) selecting the asymptotic value as the value for the
hemodynamic variable. In certain embodiments of the inven-
tion the waveform is a PAP waveform and the hemodynamic
variable is average LAP. In certain embodiments of the inven-
tion the waveform is a RVP waveform and the hemodynamic
variable is average LAP. In certain embodiments of the inven-
tion the waveform is a SAP waveform and the hemodynamic
variable is average SVP. In certain embodiments of the inven-
tion the waveform is a LVP waveform and the hemodynamic
variable is average SVP. Any of the methods may further
comprise determining the value of proportional CO, propor-
tional PVR, or proportional SVR.

The invention further comprises apparatus for use in per-
forming any one or more of the methods of the invention.

The invention further provides computer-executable pro-
cess steps stored on a computer-readable medium for per-
forming one or more methods of the invention. The invention
further provides methods of monitoring a subject comprising
performing one or more of the inventive methods on a PAP
waveform, RVP waveform, SAP waveform or related signal,
or LVP waveform obtained from the subject. The methods
may further comprise the step of obtaining such a waveform
from the subject. The methods may further comprise the step
of administering a therapy to the subject, or modifying the
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subject’s therapy, based on one or more hemodynamic vari-
ables obtained according to the methods.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1: Previous analysis technique for monitoring cardiac
output (CO) from a systemic arterial pressure (SAP) wave-
form [6]. According to the Windkessel model of the systemic
arterial tree (electrical analog to the left), SAP should decay
like a pure exponential during each diastolic interval with a
time constant (t) equal to the product of the systemic vascular
resistance (SVR) and the nearly constant arterial compliance
(AQC). Thus, this technique involves first fitting an exponential
function to each diastolic interval of the SAP waveform to
determine T (right) and then dividing the time-averaged SAP
(MAP) with T to estimate proportional CO.

FIG. 2: Swine arterial pressure waveforms measured a)
centrally in the aorta, (b) peripherally in the radial artery, and
(¢) in the main pulmonary artery. The diastolic intervals of the
central systemic arterial pressure (SAP) waveform resemble
exponential decays; however, the measurement of central
SAP is too invasive for routine clinical application. In con-
trast, exponential diastolic decays are not visible in the
peripheral SAP and pulmonary artery pressure (PAP) wave-
forms, which are heavily corrupted by fast wave reflections
and inertial effects. Thus, the previous technique in FIG. 1
cannot be applied to clinically measurable peripheral SAP
and PAP waveforms.

FIG. 3: Electrical analog of the Windkessel model of the
pulmonary arterial tree. One embodiment of the mathemati-
cal analysis utilizes this model to represent the slow dynami-
cal behavior of the pulmonary arterial tree. For example, if
pulsatile activity suddenly ceased, this model predicts that
pulmonary artery pressure (PAP) would eventually decay like
a pure exponential with a Windkessel time constant T equal to
the product of the pulmonary vascular resistance (PVR) and
the nearly constant pulmonary arterial compliance (PAC) as
soon as the faster wave and inertial effects vanished (see FIG.
2). The model also indicates that the exponential pressure
decay would equilibrate towards the left atrial pressure
(LAP), which significantly contributes to PAP due to the
relatively small PVR.

FIG. 4: One embodiment in which the mathematical analy-
sis is applied to the individual diastolic decay intervals of a
pulmonary artery pressure (PAP) waveform (y(t)). Multiple,
complex exponential functions and a constant term are fitted
to each diastolic decay interval of y(t) to respectively deter-
mine the dynamical properties of the pulmonary arterial tree
and the average left atrial pressure (LAP). Then, the Wind-
kessel time constant T of the pulmonary arterial tree (see FIG.
3) is determined by extrapolating the computed exponential
functions to low-pressure values and fitting a mono-exponen-
tial function to the extrapolated pressure values for which the
faster wave and inertial effects have vanished. Finally, pro-
portional cardiac output (CO) is determined via Ohm’s law
(overbar indicates time averaging). This intra-beat embodi-
ment of the mathematical analysis may be capable of moni-
toring beat-to-beat changes in CO and LAP.

FIG. 5: One embodiment in which the mathematical analy-
sis is applied to all temporal variations in a pulmonary artery
pressure (PAP) waveform (y(t)) including those occurring
over time scales greater than a cardiac cycle. Average left
atrial pressure (LAP) and the response of PAP minus average
LAP to a single, solitary cardiac contraction (h(t)) are simul-
taneously estimated by fitting a segment of y(t). Then, the
Windkessel time constant T of the pulmonary arterial tree (see
FIG. 3) is determined by fitting a mono-exponential function
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to the tail end of h(t) once the faster wave and inertial effects
have vanished. Finally, proportional cardiac output (CO) is
computed via Ohm’s law (overbar indicates time averaging).
This inter-beat embodiment of the mathematical analysis is
expected to be able to accurately determine average T and
LAP, because beat-to-beat PAP variations are hardly con-
founded by wave and inertial phenomena [55]. PP is pulse
pressure; R, the time of the onset of upstroke of each PAP
pulse; j, the j beat; x(t), an impulse train signal representing
cardiac contractions.

FIG. 6: One embodiment in which the mathematical analy-
sis is applied to a right ventricular pressure (RVP) waveform
(y(1)) obtained from patients without pulmonic valve steno-
sis. (a) The systolic ejection intervals of a RVP waveform
segment are identified and regarded as equivalent to the unob-
served pulmonary artery pressure (PAP). Then, average left
atrial pressure (LAP) and the response of PAP minus average
LAP to a single, solitary cardiac contraction (h(t)) are simul-
taneously estimated by fitting the incomplete segment of y(t).
Next, the Windkessel time constant T of the pulmonary arte-
rial tree (see FIG. 3) is determined by fitting a mono-expo-
nential function to the tail end of h(t) once the faster wave and
inertial effects have vanished. (b) Finally, the complete PAP-
LAP waveform segment (including diastolic intervals) is con-
structed (z(t)), and proportional cardiac output (CO) is deter-
mined via Ohm’s law (overbar indicates time averaging). PP
is pulse pressure; R, the time of the onset of upstroke of each
PAP pulse; j, the j beat; x(t), an impulse train signal repre-
senting cardiac contractions.

DETAILED DESCRIPTION OF CERTAIN
EMBODIMENTS OF THE INVENTION

The present invention is based at least in part on the rec-
ognition that proportional CO, average LAP, and/or other
hemodynamic variables are reflected in the contour of a PAP
waveform, a RVP waveform, or other circulatory signals. The
invention therefore involves the mathematical analysis of the
contour of a circulatory signal so as to decipher, and thereby
determine, e.g., continuously, these clinically significant
hemodynamic variables. The mathematical analysis of a cir-
culatory contour is specifically defined here to comprise an
examination of the temporal variations in the signal. Thus, for
example, monitoring [LAP via the end-diastolic PAP does not
constitute a mathematical analysis of a circulatory contour,
since this examination simply indicates PAP at particular
instances of time (end-diastole).

In one embodiment of the invention, the mathematical
analysis of a circulatory contour is based on the Windkessel
model of the pulmonary arterial tree shown in FIG. 3. (Al-
though PVR is known to be nonlinear over a wide pressure
range [25], it may be approximated as linear over the more
narrow range of PAP variations that are considered by various
embodiments of the present invention.) According to this
model, PAP should decay like a pure exponential during each
diastolic interval with a time constant (t) equal to the product
of PVR and the pulmonary AC (PAC). The model further
indicates that the exponential pressure decay should equili-
brate towards average LAP rather than zero pressure. Thus,
the Windkessel model of FIG. 3 suggests that both T and
average LAP may be determined from a PAP waveform by
fitting a single exponential function plus a constant term to
each of its diastolic intervals. Moreover, since PAC may be
nearly constant over a wide pressure range, CO may also be
determined to within a constant scale factor by dividing the
time-averaged PAP-LAP with . However, the invention
encompasses the recognition that this simple fitting proce-
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dure is not generally valid in practice, because exponential
diastolic decays are usually obscured in physiologic PAP
waveforms by complex wave and inertial effects (FIG. 2¢). To
determine the Windkessel parameters (T and average LAP)
from a PAP waveform, the invention further encompasses the
recognition that the confounding wave and inertial dynamics
are faster than the exponential Windkessel dynamics [55].
This implies that if pulsatile activity were to abruptly cease,
then PAP would eventually decay like a pure exponential and
ultimately equilibrate to the LAP once the faster wave and
inertial dynamics vanished. Thus, in this embodiment, the
Windkessel model of FIG. 3 is specifically used to represent
only the slow dynamical properties of the pulmonary arterial
tree.

In one such embodiment, proportional CO, average LAP,
and/or other hemodynamic variables are determined by math-
ematical analysis of each individual diastolic decay interval
of'a PAP waveform. For example, basis functions, e.g., mul-
tiple, complex exponential functions and a constant term are
fitted to each diastolic decay interval of PAP to respectively
determine the dynamical properties of the pulmonary arterial
tree and the average LAP (FIG. 4). Then, the Windkessel time
constant T of the pulmonary arterial tree may be determined
by extrapolating the computed exponential functions to low-
pressure values and fitting a mono-exponential function to the
extrapolated pressure values for which the faster wave and
inertial effects have dissipated (FIG. 4). Finally, proportional
CO may be determined over any number of beats via Ohm’s
law.

FIG. 4 illustrates the details of this embodiment of the
mathematical analysis, which is applied to a digitized PAP
waveform sampled at, for example, 90 Hz. It will be appre-
ciated that different sampling rates could be used. This
embodiment is specifically employed in four steps.

First, the diastolic decay interval of each PAP pulse is
identified as the entire downstroke (i.e., from maximum to
minimum pressure) or by any other method known in the art.
For example, each diastolic decay interval may be identified
with a simultaneous phonocardiogram measurement. As
another example, each diastolic decay interval may be deter-
mined according to any formula based on the cardiac cycle
length (T) such as the well-known Bazett formula (T-0.3VT)
[4]. Each cardiac cycle length may be determined from the
PAP waveform and/or other simultaneously measured physi-
ologic signals such as a surface ECG measurement.

Second, any number of complex exponential functions and
a constant term are fitted to each of the identified diastolic
decay intervals of the PAP waveform (v(t)). The estimated
constant term represents the average L AP, while the esti-
mated complex exponential functions characterize the wave,
inertial, and Windkessel dynamical properties of the pulmo-
nary arterial tree. The “best” fit complex exponential func-
tions and constant term may be specifically estimated based
on the following output error equation with constant term ¢
and unit impulse (3(t)) input:

n n (1)
h) = Zakh(t—k) + Zbké(t—k)

k=l k=i

y(&) =c+ h(@) + el).

Here, e(t) is the unmeasured residual error, the pair of param-
eters {a,, b,} completely specify each complex exponential
function, n indicates the number of complex exponential
functions, and h(t) represents the temporal evolution of the
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complex exponential functions collectively for all time. For a
given value of n, the parameters including ¢ are estimated
from the diastolic decay intervals of y(t) through the least-
squares minimization of the residual error [43]. This optimi-
zation problem may be solved through a numerical search
(e.g., Gauss Newton method) or the Stieglitz-McBride itera-
tion [43]. Alternatively, the parameters may be more conve-
niently, but not optimally, estimated using other methods
known in the art such as Prony’s method and Shank’s method
[7,56]. A pre-determined number of complex exponential
functions (usually an odd number such as n=1, 3 or 5) may be
utilized in the estimation procedure. Alternatively, an optimal
number of complex exponential functions may be determined
according to any of the methods known in the art that penalize
for unnecessary parameters (e.g., root-normalized-mean-
squared-error (RNMSE) threshold) [43]. Prior to this estima-
tion procedure, y(t) may be lowpass filtered in order to attenu-
ate the complex wave and inertial effects. Note that any other
parametric model with complex exponential basis functions
(e.g., autoregressive exogenous input (ARX) model [43]) or
any other functions (e.g., polynomials) may be employed in
various embodiments of the invention to represent the dias-
tolic decay interval of each PAP pulse, and any other mini-
mization criterion (e.g., absolute error) may be utilized to
determine the “best” fitting functions and constant term. It
will be appreciated that it is not necessary to select the param-
eters that in fact result in minimizing the error, although these
parameters may provide the most accurate results. Instead,
the parameters can be selected such that the error is below a
predetermined value (e.g., 110-120% of the minimum error),
in which the predetermined value is specifically selected so as
to achieve an acceptable accuracy for the purposes at hand.

Third, the estimated complex exponential functions are
extrapolated to low-pressure values. This step is achieved by
recursively solving for h(t) (until it is effectively zero) based
on the estimated parameters {4,,b,} as follows:

n

W) = Zakh(t—k) ¥

k=1

no (2)
ot — k).
k=1

The Windkessel time constant T of the pulmonary arterial
tree is then determined over the interval of h(t) preferably
over a time interval in which the faster wave and inertial
effects have become minimal. For example, as shown in FIG.
4, the contribution of the faster wave reflections and inertial
effects becomes minimal within one second of the peak value
of h(t). Following this time interval, h(t) may be accurately
approximated as a mono-exponential. Thus, in certain pre-
ferred embodiments of the invention, the selected time inter-
val begins approximately 0.75 seconds following the time of
maximum h(t) or, more preferably, approximately one second
following the time of maximum h(t). For example, it has been
found that a time interval of 1 to 2 seconds following the time
of maximum value of h(t) is suitable. Longer time intervals
may also be used. Typically the appropriate time interval is
predetermined, but, in certain embodiments of the invention,
it may be selected as the measurements are being made. The
determination of T is achieved based on the selected interval
of h(t) according to the following single exponential equa-
tion:

h(t)=de " rw(p). 3)

The parameters A and T may be estimated according to any
procedure known in the art. For example, the parameters may
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be determined by the closed-form, linear least squares solu-
tion after log transformation of h(t). Alternatively, T may be
identified as the largest real valued time constant of the esti-
mated complex exponential functions. Note that this step is
unnecessary when only a single exponential function is uti-
lized to fit the diastolic decay interval of the PAP pulse.

Finally, the average LAP is determined as the mean or
median value of the estimated constant term ¢ over any num-
ber of beats, while CO is determined to within a constant scale
factor equal to 1/PAC as the difference between the mean
value of PAP over any number of beats and the corresponding
average LAP divided by the mean or median value of the
corresponding t. Note that PVR is also trivially determined to
within a constant scale factor via t. The proportional, con-
tinuous CO and PVR estimates may be calibrated, if desired,
with a single, absolute measurement of CO. Such a calibra-
tion may be conveniently implemented with the bolus ther-
modilution method, if a pulmonary artery catheter were
employed. Otherwise, if an independent CO measurement is
unavailable, then a nomogram may be utilized, if desired, to
calibrate the proportional estimates.

Alternatively, proportional CO, average [LLAP, and other
hemodynamic variables are determined by mathematical
analysis of all temporal variations in a PAP waveform includ-
ing those occurring over time scales greater than a cardiac
cycle in which the confounding eftects of wave and inertial
phenomena are attenuated [55]. For example, average LAP
and the response of PAP minus average LAP to a single,
solitary cardiac contraction (h(t) in FIG. 5) are simulta-
neously estimated by fitting a PAP waveform segment of
duration greater than a cardiac cycle (e.g., 30 seconds to 10
minutes). Then, the Windkessel time constant T of the pulmo-
nary arterial tree is determined by fitting a mono-exponential
function to the tail end of'h(t) once the faster wave and inertial
effects have vanished (FIG. 5). Finally, proportional CO may
be computed by dividing the time-averaged PAP-LAP with t.
Without wishing to be bound by any theory, while an intra-
beat embodiment will likely provide better temporal resolu-
tion (e.g., ability to detect beat-to-beat hemodynamic
changes), an inter-beat embodiment is expected to be more
accurate in terms of estimating average hemodynamic values
as the beat-to-beat PAP variations are much more reflective of
Windkessel dynamics than confounding wave and inertial
phenomena (i.e., a larger signal-to-“noise” ratio) [55].

FIG. 5 illustrates the details of this embodiment of the
mathematical analysis, which is applied to a segment of a
digitized PAP waveform (sampled at, e.g., 90 Hz) of duration
greater than a cardiac cycle (e.g., 30 seconds to ten minutes).
It will be appreciated that different sampling rates could be
used. This embodiment is specifically employed in four steps.

First, a cardiac contractions signal is constructed by form-
ing an impulse train in which each impulse is located at the
onset of upstroke of a PAP pulse (R) and has an area equal to
the ensuing pulse pressure (PP). PP is determined, for
example, as the maximum PAP value minus the PAP value at
the onset of upstroke. Alternatively, each impulse may be
placed at the R-wave of a simultaneous surface ECG mea-
surement, and/or the area of each impulse may be set to an
arbitrary constant or any other value based on the PAP pulse.
As another alternative, pulses of any shape (e.g., rectangular)
with duration equal to the systolic ejection interval (as deter-
mined above) may be utilized in lieu of the transient impulses.

Second, the relationship between the cardiac contractions
signal (x(t)) and the PAP waveform segment (y(t)) is deter-
mined by estimating both a constant term and an impulse
response (h(t)) which when convolved with x(t) “best” fits
y(t) minus the constant term. The estimated constant term
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represents the average L AP, while the estimated h(t) charac-
terizes the dynamical properties of the pulmonary arterial tree
and is defined to represent the (scaled) PAP-LAP response to
a single cardiac contraction. The impulse response h(t) and
average LAP may be specifically estimated according to the
following ARX equation with constant term c:

n " @
) =c+ Z ay(t—k) + Z bex(t — k) +e(o),
k=l k=1

where e(t) is the unmeasured residual error, the parameters
{a,, b,} completely specify h(t), and m and n limit the number
of these parameters (model order) [43]. For a fixed model
order, the parameters including c are estimated from x(t) and
y(t) through the least-squares minimization of the residual
error, which has a closed-form solution [43]. The model order
is determined by minimizing any criterion (e.g., Minimum
Description Length criterion) or method known in the art that
penalizes for unnecessary parameters [43]. Prior to this esti-
mation procedure, x(t) and y(t) may be lowpass filtered in
order to amplify the contribution of long time scale energy
such that the least squares estimation is prioritized at these
time scales. With the estimated parameters {4,,6,} and ¢,
average LAP and h(t) are computed as follows:

et/ [1-$5a]

n n R (6)
W) = Z ah(t—k) + Z b8t — k).

k=1 k=1

Note that any other parametric model (e.g., autoregressive
moving average with exogenous input (ARMAX) equation
[43]) may be employed in various embodiments of the inven-
tion to represent the structure of h(t), and any other minimi-
zation criterion (e.g., absolute error) may be utilized to deter-
mine the “best” h(t) and average LAP.

Third, the Windkessel time constant t of the pulmonary
arterial tree is determined over the interval of h(t) for which
the faster wave and inertial effects have dissipated For
example, the interval ranging from one to two seconds fol-
lowing the time of the maximum value of h(t) may be
selected. (See FIG. 5 and discussion above for other exem-
plary time intervals.) This step may be achieved based on
Equation (3) as described above. Thus, in certain embodi-
ments of the invention, accurate determination of t as well as
LAP are achieved by virtue of h(t) coupling the long time
scale variations in x(t) to y(t)-LAP.

Finally, proportional CO is computed via Ohm’s law, and
proportional PVR is given as t. Alternatively, when the area
of each impulse in x(t) is set to an arbitrary constant value,
proportional CO may be determined as the product of the
peak value of the estimated h(t) and the average heart rate and
proportional PVR may be subsequently determined via
Ohm’s law. The proportional, continuous CO and PVR esti-
mates may be calibrated, if desired, as described above.

The aforementioned embodiments of the mathematical
analysis may also be applied to a SAP waveform (or a related
waveform such as a photoplethysmography signal) measured
at any site in the systemic arterial tree. In this way, propor-
tional CO, proportional SVR, and average SVP or only pro-
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portional CO and proportional SVR (with SVP assumed to be
negligible, i.e., c=0) may be continuously monitored.

In another embodiment, proportional CO, average LAP,
and other hemodynamic variables are determined by math-
ematical analysis of the contour of a RVP waveform. A key
idea of this aspect of the invention is that RVP and PAP may
be regarded as nearly equal during the systolic ejection inter-
val of each beat provided that there is no significant stenosis
of'the pulmonic valve (FIG. 6). The systolic ejection intervals
of the observed RVP waveform are therefore identified so as
to produce an “incomplete” PAP waveform without diastolic
pressure information. Then, with this incomplete PAP wave-
form, the clinically significant hemodynamic variables may
be determined similarly to embodiments described above.

For example, FIG. 6 illustrates one such embodiment of the
mathematical analysis, which is applied to a segment of a
digitized RVP waveform (sampled at, e.g., 90 Hz) of duration
greater than a cardiac cycle (e.g., 30 seconds to ten minutes).
This particular embodiment is employed in six steps.

First, each systolic ejection interval within the RVP wave-
form segment is identified. The beginning of systole for each
beat is determined as the time of the maximum temporal
derivative of each RVP pulse [61], while the end of systole for
each beat is identified as the time of the peak value of each
RVP pulse. Alternatively, any other method known in the art
(e.g., see above) may be used to identify the systolic ejection
intervals. This step produces an incomplete segment of a PAP
waveform.

Second, a cardiac contractions signal is constructed as
described above. Note that the resulting cardiac contractions
signal is defined for all values of time (i.e., both systole and
diastole).

Third, the relationship between the complete cardiac con-
tractions signal (x(t)) and the incomplete PAP waveform
(y(t)) is characterized by estimating both a constant term
representing average LAP and the impulse response (h(t))
which when convolved with x(t) “best” fits y(t) minus the
average LAP. The impulse response h(t) and average LAP
may be specifically estimated according to the following
output error equation with constant term c:

m n (7)
W) = akw(t—k)+2bkx(t—k)
k=l k=l

YO =wD) +c+e().

Again, e(t) is the unmeasured residual error, the parameters
{a;, b,} completely specify h(t), and m and n limit the number
of these parameters (model order) [43]. For a fixed model
order, the parameters including c are estimated from x(t) and
the incomplete y(t) through the least-squares minimization of
the residual error during the systolic ejections intervals. This
optimization problem may be solved, for example, through a
numerical search procedure (e.g., Gauss Newton method) or
the Stieglitz-McBride iteration [43]. The model order may be
determined similarly to that of Equation (1). Prior to this
estimation procedure, x(t) and y(t) may be lowpass filtered in
order to amplify the contribution of long time scale energy
such that the least squares estimation is prioritized at these
time scales. With the estimated parameters {4,,6,} and ¢, h(t)
is computed according to Equation (6) and average LAP is
given as ¢. Note that other parametric models may be
employed in various embodiments of the invention to repre-
sent the structure of h(t), and any other minimization criterion
(e.g., absolute error) may be utilized to determine the “best”
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h(t) and average LAP. However, some methods known in the
art may be less preferable (e.g., linear least squares identifi-
cation of ARX models), since the output is not known for all
time here.

Fourth, T is determined from the estimated h(t) based on
Equation (3) as described above. Again, in certain embodi-
ments of the invention, accurate determination of t as well as
average LAP is achieved by virtue of h(t) coupling the long
time scale variations in x(t) to the incomplete y(t)-LAP.

Fifth, the complete PAP waveform including diastolic
information is constructed by convolving the cardiac contrac-
tions signal x(t) with the estimated h(t) and then summing this
response (z(t)) to the average LAP. This step is mathemati-
cally achieved as follows:

no (8)
W) = Z Wit — k) + Z Bx(z —k)

m
k=l k=l

y(@)=w() + 2.

Finally, proportional CO is determined via Ohm’s law, and
proportional PVR is trivially obtained with t. Alternatively,
when the area of each impulse in x(t) is set to an arbitrary
constant value, proportional CO may also be determined as
the product of the peak value of the estimated h(t) and the
average heart rate and proportional PVR may be subsequently
determined via Ohm’s law. Again, if desired, the propor-
tional, continuous CO and PVR estimates may be calibrated
as described above. This embodiment of the invention may
also be applied to LVP waveforms in order to continuously
monitor proportional CO, proportional SVR, and average
SVP or only proportional CO and proportional SVR (with
SVP assumed to be negligible, i.e., ¢=0). The invention
includes apparatus for performing the methods described
above, e.g., for determining LAP. For example, the apparatus
may comprise memory means that stores a program compris-
ing computer-executable process steps and a processing unit
that executes the computer-readable process steps so as to
perform a mathematical analysis of the contour of a PAP
waveform, RVP waveform, SAP waveform, LVP waveform
or another circulatory signal (or any two or more of the
foregoing) and uses the mathematical analysis to determine
average LAP, proportional CO, proportional PVR, propor-
tional SVR, average SVP, etc. The apparatus may perform
any one or more of the methods described herein to determine
any one or more of the hemodynamic variables discussed
herein, e.g., average LAP, proportional CO, proportional
PVR, proportional SVR, average SVP.

In certain embodiments of the present invention, an analog
PAP waveform, RVP waveform, SAP waveform, LVP wave-
form or another circulatory signal is fed into an analog-to-
digital converter as it is being measured. The circulatory
signal may be acquired using standard methods, such as those
mentioned above. In certain embodiments of the invention, a
surface ECG is also measured, e.g., via standard ECG leads.
The digitized circulatory signal and the ECG, if measured, are
stored in a buffer system. The most recent time intervals of the
digitized signals (e.g., one cardiac cycle to ten minutes) are
transferred from the buffer system to a processing unit, which
analyzes the signal according to the methods of the invention.
The buffer and processing unit may be implemented using,
for example, any standard microcomputer or implanted cir-
culatory monitoring device running appropriate software to
implement the mathematical operations described above. The
software components of the invention may be coded in any
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suitable programming language and may be embodied in any
of a range of computer-readable media including, but not
limited to, floppy disks, hard disks, CDs, zip disks, DVD
disks, etc. It will be appreciated that the term “processing
unit” is used herein to refer to any suitable combination of
general and/or special purpose processors. For example, at
least some of the processing steps may be implemented using
hardware, e.g., signal processing chips. Thus the methods
may be implemented using any suitable combination of gen-
eral and/or special purpose processors and appropriate soft-
ware. Computer-readable media that store computer-execut-
able process steps to perform all or part of one or more
methods of the invention are also an aspect of the invention.

Outputs such as proportional CO, LAP or SVP, and pro-
portional PVR or SVR may be displayed on a visual display
such as a computer screen and/or may be printed or transmit-
ted to a remote location. The ECG, and analysis thereof, may
also be displayed. In a preferred embodiment of the system,
the process is continuously repeated thereby providing the
on-line monitoring of proportional CO, LAP or SVP, propor-
tional PVR or SVR, and/or other hemodynamic variables
(e.g., with a delay equal to half'the selected analysis interval).
Alternatively or additionally, absolute CO and PVR or SVR
may be computed and displayed through a nomogram or a
single, independent measurement of absolute CO. In certain
embodiments of the invention, an alarm is triggered upon
excessive changes in any of the estimated variables.

Finally, the methods may further comprise the step of
selecting, recommending, suggesting, or administering a
therapy to the subject, or modifying the subject’s therapy,
based on values for one or more hemodynamic variables
obtained according to the methods and apparatus. The
therapy may be, for example, any medical or surgical therapy
known in the art that is suitable for treating a subject having a
physiological state consistent with the determined average
LAP, average SAP, proportional CO, proportional PVR and/
or proportional SVR. Exemplary therapies include pharma-
ceutical agents, e.g., pressors or diuretics, fluids, etc. In cer-
tain embodiments of the invention therapy is administered or
ongoing therapy is modified (e.g, the dose of a pharmaceuti-
cal agent is increased or decreased) automatically. For
example, the apparatus may interface with or include a device
that modifies the infusion rate of a solution (optionally con-
taining a therapeutic agent) in response to values for one or
more of the hemodynamic variables measured according to
the invention. By intermittently or continuously determining
values for one or more hemodynamic variables and adjusting
the infusion rate and/or dose of a therapeutic agent accord-
ingly, the inventive system can operate using feedback, e.g.,
to provide closed-loop therapy. Specific desired values, or
ranges of desired values, for the hemodynamic variables can
be selected, e.g., by a patient’s health care provider, and the
apparatus can modify therapy in orderto achieve these values.
In certain embodiments of the invention the apparatus moni-
tors and optionally records, stores, and/or analyzes the
response of one or more of the hemodynamic variables to
changes in therapy. The analysis can be used to make further
adjustments or modifications to the therapeutic regimen. For
example, the system can learn how particular therapies or
alterations in therapy affect one or more hemodynamic vari-
ables and can select future therapy accordingly. In certain
embodiments of the invention, suggested or recommended
therapies or modifications to ongoing therapies are displayed
on a display device.

A system or apparatus of the present invention may also
include means for acquiring a circulatory signal from a sub-
ject. For example, a system or apparatus of the invention may
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include a catheter, e.g., a pulmonary artery catheter. If
desired, certain of the signal processing steps may be per-
formed by the acquisition means itself. For example, the
acquisition means may include hardware for performing fil-
tering, analog-to-digital conversion, analysis, etc., of the
acquired signal.

The foregoing description is to be understood as being
representative only and is not intended to be limiting. Alter-
native systems and techniques for implementing the methods
of the invention will be apparent to one of skill in the art and
are intended to be included within the accompanying claims.
It will be appreciated that wherever the claims recite a method
for determining one or more hemodynamic variables, the
invention comprises apparatus and computer-executable pro-
cess steps for performing the steps of the method and also
comprises a method for monitoring a subject using the
method for determining one or more hemodynamic variables
and further comprises a method of treating a subject compris-
ing monitoring a subject using the method and recommend-
ing, suggesting, selecting, modifying, and/or administering a
therapy based at least in part on data and/or information
acquired or obtained using the method, e.g., based at least in
part on the subject’s average LAP, average SVP, proportional
CO, proportional PVR, and/or proportional SVR as deter-
mined according to the method. In addition, the methods
and/or apparatus of the invention may be used to determine or
monitor any one or more of these hemodynamic variables,
e.g., any subset of these hemodynamic variables. All refer-
ences cited herein are incorporated by reference. In the event
of'a conflict or inconsistency between any of the incorporated
references and the instant specification, the specification shall
control, it being understood that the determination of whether
a conflict or inconsistency exists is within the discretion of the
inventors and can be made at any time.

Those skilled in the art will recognize, or be able to ascer-
tain using no more than routine experimentation, many
equivalents to the specific embodiments of the invention
described herein. The scope of the present invention is not
intended to be limited to the above Description, but rather is
as set forth in the appended claims. In the claims, articles such
as “a,”, “an” and “the” may mean one or more than one unless
indicated to the contrary or otherwise evident from the con-
text. Claims or descriptions that include “or” between one or
more members of a group are considered satisfied if one,
more than one, or all of the group members are present in,
employed in, or otherwise relevant to a given method, appa-
ratus, etc. unless indicated to the contrary or otherwise evi-
dent from the context. Furthermore, it is to be understood that
the invention encompasses all variations, combinations, and
permutations in which one or more limitations, elements,
clauses, descriptive terms, etc., from one or more of the listed
claims is introduced into another claim. In particular, any
claim that is dependent on another claim can be modified to
include one or more limitations found in any other claim that
is dependent on the same base claim. In addition, it is to be
understood that any one or more specific embodiments of the
present invention may be explicitly excluded from the claims.
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We claim:
1. A method for determining an average left atrial pressure
(LAP) using a cardiac cycle waveform signal, the method
comprising:
converting, by an analog-to-digital converter of an appara-
tus, a cardiac cycle waveform signal of a patient into a
digital cardiac signal, the digital cardiac signal compris-
ing a plurality of digital cardiac signal values;

selecting, from a buffer system of the apparatus, two or
more digital cardiac signal values from a first interval of
the digital cardiac signal;

fitting, by a processing unit of the apparatus, a nonlinear

function to match the two or more digital cardiac signal
values within the first interval;
extrapolating, by the processing unit, a plurality of values
of the nonlinear function for a second interval of the
nonlinear function, the second interval of the nonlinear
function corresponding to an interval of the digital car-
diac signal that is different from the first interval; and

determining, by the apparatus, one or more average left
atrial pressure (LAP) values based on a mean value of
the plurality of values of the extrapolated nonlinear
function over a portion of the second interval.

2. The method of claim 1, further comprising determining,
by the apparatus, a proportional cardiac output (CO) based at
least in part on subtracting the one or more average LAP
values from one or more digital cardiac signal values.

3. The method of claim 2, wherein the mean value is further
based on a predetermined time constant, the predetermined
time constant related to a duration of time within the second
interval.

4. The method of claim 1, further comprising determining,
by the apparatus, a proportional cardiac output (CO) based on
a computed mean value that is responsive to a result calcu-
lated by subtracting the one or more average LAP values from
the plurality of values of the extrapolated nonlinear function.

5. The method of claim 4, further comprising determining,
by the apparatus, the proportional CO based at least in part by
dividing the computed mean value by a duration of the second
interval.

6. The method of claim 1, wherein the cardiac cycle wave-
form is a pulmonary artery pressure (PAP) signal of the
patient.

7. The method of claim 1, wherein the cardiac cycle wave-
form is a right ventricular pressure (RVP) signal of the
patient.

8. The method of claim 1, wherein the cardiac cycle wave-
form is a systemic arterial pressure (SAP) signal of the
patient.
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9. The method of claim 1, wherein the nonlinear function
further comprises an exponential component.

10. The method of claim 9, wherein the nonlinear function
is a mono-exponential function.

11. A method for determining an average left atrial pressure
(LAP) using a cardiac cycle waveform signal, the method
comprising:

receiving a cardiac cycle waveform signal, the cardiac

cycle waveform signal representing a cardiac output of a
patient;
converting the cardiac cycle waveform signal into a digital
cardiac signal, the digital cardiac signal comprising a
plurality of digital cardiac signal values, each of the
plurality of digital cardiac signal values corresponding
to a portion of the digital cardiac signal;
selecting two or more digital cardiac signal values from
within a first interval of the digital cardiac signal;

fitting a nonlinear function to match the two or more digital
cardiac signal values within the first interval;

extrapolating a plurality of values of the nonlinear function
for a second interval of the nonlinear function, the sec-
ond interval of the nonlinear function corresponding to
an interval of the digital cardiac signal that is different
from the first interval; and

determining one or more average left atrial pressure (LAP)

values based on a mean value of the plurality of values of
the extrapolated nonlinear function over a portion of the
second interval, the one or more average LAP values
representing a cardiac output of the patient.

12. The method of claim 11, further comprising determin-
ing a proportional cardiac output (CO) based at least in part on
subtracting the one or more average LAP values from one or
more digital cardiac signal values.

13. The method of claim 12, wherein the mean value is
further based on a predetermined time constant, the predeter-
mined time constant related to a duration of time within the
second interval.

14. The method of claim 11, further comprising determin-
ing a proportional cardiac output (CO) based on a computed
mean value that is responsive to a result calculated by sub-
tracting the one or more average LLAP values from the plural-
ity of values of the extrapolated nonlinear function.

15. The method of claim 14, further comprising determin-
ing the proportional CO based at least in part by dividing the
computed mean value by a duration of the second interval.

16. The method of claim 11, wherein the cardiac cycle
waveform is a pulmonary artery pressure (PAP) signal of the
patient.

17. The method of claim 11, wherein the cardiac cycle
waveform is a right ventricular pressure (RVP) signal of the
patient.

18. The method of claim 11, wherein the cardiac cycle
waveform is a systemic arterial pressure (SAP) signal of the
patient.

19. The method of claim 11, wherein the nonlinear function
further comprises an exponential component.

20. The method of claim 19, wherein the nonlinear function
is a mono-exponential function.
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